Stem cell factor (SCF) and its receptor c-kit take part in the regulation of developmental processes of mast cells, hematopoietic stem cells, and melanocytes, as well as in the growth control of human malignancies. To explore the possible role of the SCF-c-kit system and of mast cells in pancreatic cancer, the concomitant expression and distribution of the two molecules were examined in 17 normal and 26 cancerous human pancreatic tissues and in 6 cultured pancreatic cancer cell lines. Mast cell distribution was also evaluated in the same tissue samples. In addition, the effects of SCF and of the c-kit tyrosine-kinase inhibitor STI571 on the growth of the cancer cell lines and of the normal pancreatic ductal cell line TAKA-1 were assessed. SCF immunoreactivity was absent in acinar, ductal, and islet cells of the normal pancreas and faint in pancreatic cancer tissues and cell lines. In contrast, c-kit was clearly present in some normal and hyperplastic ducts of the normal pancreas, in the cancer cells of 73% of the tumor samples, and in all the cell lines tested. Mast cells, identified by tryptase and chymase immunostaining on consecutive tissue sections, showed immunoreactivity for SCF and c-kit in both normal and cancerous specimens and their number was significantly increased (p ϭ 0.03) in pancreatic cancer compared with the normal pancreas. SCF showed a dose-dependent growth inhibitory effect on TAKA-1 cells (p Ͻ 0.001), whereas pancreatic cancer cells were resistant to the SCF-induced growth inhibition. Nonetheless, the growth of TAKA-1 cells and pancreatic cancer cells was inhibited by the c-kit tyrosine kinase inhibitor STI571. In conclusion, the SCF-c-kit system, possibly with the contribution of mast cells, may have a growth-regulating role in the normal pancreas, which is altered during malignant transformation. (Lab Invest 2002, 82:1481-1492.
utocrine and paracrine growth-regulating loops contribute to the aggressiveness of pancreatic carcinoma, one of the most lethal human cancers, the incidence and mortality of which almost coincide (Parker et al, 1997) . For example, transforming growth factor ␤1, ␤2, and ␤3 (TGF-␤1, TGF-␤2, and TGF-␤3) isotypes and two of their receptors (T␤R-I ALK5 and T␤RII) are overexpressed in pancreatic cancer (Friess et al, 1993a (Friess et al, , 1993b Lu et al, 1997) and are associated with advanced tumor stage (Lu et al, 1997) and reduced postoperative survival periods (Friess et al, 1993b) . Moreover, the concomitant expression of the epidermal growth factor receptor and its ligands by pancreatic cancer cells enhances their aggressiveness and significantly shortens patients' survival (Korc et al, 1992; Yamanaka et al, 1993) . In addition, a number of other alterations of growth-regulating pathways in pancreatic cancer have been described (Ozawa et al, 2001) .
The proto-oncogene c-kit encodes a transmembrane tyrosine-kinase receptor, which is related to the platelet-derived growth-factor/CSF-1 receptor subfamily Yarden et al, 1987) . The sequence corresponding to the intracellular domain of c-kit was first identified in the genome of the HardyZuckerman 4 feline sarcoma virus, an acute transforming feline retrovirus (Besmer et al, 1986) . The oncogenic potential of c-kit has been demonstrated through its expression in NIH 3T3 mouse fibroblasts (Caruana et al, 1998) . After activation of the receptor, enhanced cell proliferation rate and increased capacity of colony formation in soft agar were observed (Caruana et al, 1998) .
Stem cell factor (SCF) (Martin et al, 1990) , also known as mast cell growth factor (Anderson et al, 1990) , steel factor (Witte, 1990) , or kit ligand (Huang et al, 1990) has been identified as the ligand of the c-kit receptor on the basis of binding and cross-linking experiments (Huang et al, 1990) . The SCF-c-kit pathway is involved in physiologic processes such as gametogenesis, melanogenesis, and hematopoiesis (Geissler et al, 1988) . In particular, SCF is the main promoter of mast cell growth and differentiation from bone marrow and peripheral blood progenitors (Valent et al, 1992) and regulates multiple functions of mature mast cells (Bischoff and Dahinden, 1992; Bischoff et al, 1997) . Additionally, the SCF-c-kit signaling cascade is thought to contribute to the growth of hematologic and solid malignancies (Coussens et al, 1999; Pietsch et al, 1998) , leading to the development of tyrosine-kinase inhibitors as possible treatment options (Mauro et al, 2002) .
In this study, the concomitant expression of SCF and c-kit and the distribution of mast cells and their contribution to the production of SCF in pancreatic cancer were assessed. Moreover, the possible role of SCF in the induction of the proliferation of nontransformed ductal pancreatic cells and pancreatic cancer cell lines and the effects of the c-kit tyrosine-kinase inhibitor STI571 on the growth of pancreatic cancer cells were evaluated.
Results

SCF and c-kit Immunostaining in Normal Pancreatic Tissues
In the normal pancreas, SCF immunostaining was confined to the cytoplasm of mononuclear inflammatory cells, which were occasionally present. No immunoreactivity was detected in acinar, ductal, or endocrine cells.
The SCF receptor c-kit was also detected in the cytoplasm and/or on the cell membrane of inflammatory cells. Additionally, moderate to strong c-kit immunoreactivity was present in the cytoplasm of ductal cells of normal and hyperplastic ducts, which were often surrounded by c-kit and, less frequently, SCFpositive inflammatory cells (Fig. 1, A and B) . Islet cells occasionally showed weak c-kit immunoreactivity.
Expression of SCF and c-kit in Pancreatic Cancer
SCF and c-kit immunostaining was evaluated in paraffin-embedded cancer tissue samples. Twelve (80%) of the 15 specimens did not show any SCF immunoreactivity in the cancer cells, whereas in 3 (20%) cases there was a weak to moderate positivity of 5% to 10% of the cancer cells (Fig. 2, A and B) . Scattered inflammatory cells were SCF positive.
c-kit expression was widely present in pancreatic cancer specimens, both in cancer cells and, to a lesser extent, in inflammatory cells. Eleven (73%) of 15 cancer samples exhibited weak to strong c-kit immunoreactivity of 5% to 100% of the neoplastic cells (Fig. 2, C and D) . As already described in the normal pancreas, c-kit was expressed by ducts showing hyperplastic features, which were occasionally found in the tumor specimens. The four c-kit-negative cases were also SCF negative, but no statistically significant relationship was found between SCF and c-kit expression in pancreatic cancer. In addition, there was no significant relation between
Figure 1.
A and B, Stem cell factor (SCF) and c-kit immunostaining in normal pancreatic tissues. A duct showing hyperplastic features exhibits strong c-kit-immunoreactivity (A) and it is surrounded by c-kit-positive (A) and SCF-positive (B) inflammatory cells. C, Immunostaining performed with the highly specific anti-tryptase antibody reveals that most of the inflammatory cells described around large and hyperplastic ducts are mast cells (C). Scale bar ϭ 25 m.
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SCF or c-kit expression and tumor grading, TNM status, or stage.
Mast Cell Distribution in the Normal Pancreas and Pancreatic Cancer
Tryptase immunostaining was used to detect the presence and the number of mast cells in the normal pancreas and pancreatic cancer tissues. The mean number of tryptase-positive cells in normal tissues, evaluated on paraffin-embedded, formalin-fixed tissue sections and on frozen, Carnoy-fixed tissue sections, was 6.7 Ϯ 3.4/mm 2 . In cancer samples, the total number of mast cells was significantly higher than in normal tissue, with a mean of 11.1 Ϯ 8.9/mm 2 (p ϭ 0.03). Mast cells were located around ducts, blood vessels, and nerves, in the interstitial space between lobules, and, in cancer specimens, in the connective tissue around neoplastic glands (Fig. 3, A and B) . However, mast cells did not show a particular clustering around neoplastic cells. To classify the mast cell subtype present in the human pancreas, chymase immunostaining on frozen, Carnoy-fixed, tissue samples was performed (Fig. 3, C and D) . The mean number of chymase-positive cells was 1.7 Ϯ 2.1/mm 2 in the normal pancreas and 4.7 Ϯ 6.4/mm 2 in pancreatic cancer. The difference was not statistically significant.
SCF and c-kit Expression by Mast Cells in the Normal Pancreas and Pancreatic Cancer
To identify the SCF-immunoreactive and c-kitimmunoreactive cells observed in the normal and cancerous tissue specimens, consecutive sections stained with tryptase and SCF or c-kit, respectively, were examined. A small percentage (0 -13%) of the mast cells present in the normal samples stained positive for SCF. In pancreatic cancer, the number of SCF-expressing mast cells was lower, ranging from 0% to 7% of the total number of mast cells.
c-kit was detected in the cytoplasm and/or on the cell membrane of mast cells in normal pancreas (0 -18.5% of total mast cells) and in pancreatic cancer (0 -16% of total mast cells). The SCF/c-kit-positive cells described around hyperplastic, c-kit-expressing ducts frequently showed tryptase immunoreactivity (Fig. 1C) .
SCF, c-kit, and Tryptase Content in Normal and Malignant Pancreas
SCF, c-kit, and tryptase content was determined by Western blot analysis in four normal and four pancreatic cancer samples. The anti-SCF antibody detected a single band of about 45 kDa in the cancer samples, whereas all the normal pancreatic tissues were negative (Fig. 4) . This band corresponds to one of the two described splicing variants of soluble SCF (Pandiella et al, 1992) . Analysis of c-kit by Western blotting failed to detect the reported 145-kDa band (Yarden et al, 1987) . The size of the c-kit protein varies between human tissues and cell lines (Hassan et al, 1998; Majumder et al, 1988; Sandlow et al, 1997) . This may be due to the existence of different splicing isoforms or to differential glycosylation (Lyman and Jacobsen, 1998) . Two of the cancer samples displayed a band of approximately 80 kDa, whereas in a third sample a band of about 125 kDa was detected. No bands were seen in any of the normal pancreatic tissues examined (Fig. 4) . The 80-kDa band could correspond to the cytoplasmic domain of the c-kit receptor (Besmer et al, 1986; Majumder et al, 1990) . The 125-kDa protein has been previously detected by Western blot analysis in human cancer (Tonary et al, 2000) .
The anti-tryptase antibody detected two bands of about 30 and 35 kDa (as has been previously reported in other tissues; Little and Johnson, 1995) in two pancreatic cancer samples and a single, intermediatesized band in one cancer and one normal pancreas sample (Fig. 4) . In three normal pancreas samples no band was detected.
Expression of SCF and c-kit by TAKA-1 Cells and by Pancreatic Cancer Cell Lines
The next sets of experiments were performed to verify whether the SCF-c-kit system could contribute to the growth stimulation of pancreatic cancer cells. Western blot was used to evaluate SCF and c-kit protein basal level of expression by TAKA-1 cells and by six pancreatic cancer cell lines. TAKA cells did not express SCF, whereas two bands of around 80 kDa and one band of 125 kDa were detected with the c-kit antibody. The two closely spaced 80-kDa bands could correspond to the differently processed cytoplasmic domains of the c-kit receptor. SCF was expressed by Bx-PC-3, MiaPaCa-2, and T3M4 cell lines, the most intense band being present in MiaPaCa-2 cells (Fig. 5) . The 80-kDa c-kit proteins were expressed by all the cancer cell lines; Capan-1 showed the highest expression levels (Fig. 5) .
Localization of c-kit in Pancreatic Cancer Cell Lines and in TAKA-1 Cells
To determine the exact localization of c-kit expression in TAKA-1 and pancreatic cancer cells, flow cytometric analysis was performed next. This analysis re- 
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vealed that c-kit expression was not detectable in nonpermeabilized cells, whereas a diffuse c-kit positivity was found in permeabilized cells (Fig. 6 ). This result could indicate the absence of the receptor on the cell membrane of TAKA-1 and pancreatic cancer cells. Alternatively, it could be due to the inability of the antibody to bind its target without entering the cells, because it recognizes the carboxy-terminal, intracellular domain of c-kit.
In Vitro Effect of Human Recombinant SCF on the Recovery of Human Intestinal Mast Cells
A previously established SCF-dependent human intestinal mast cell culture assay was used to assess the biologic activity of different human recombinant SCF preparations. SCF purchased from R&D Systems showed a slightly higher potency regarding mast cell recovery compared with SCF derived from Amgen (data not shown). Therefore, SCF from R&D Systems at concentrations between 1 and 100 ng/ml was subsequently used to perform the proliferation assays using TAKA-1 and pancreatic cancer cell lines.
Effect of SCF on the Growth of TAKA-1 Cells and Pancreatic Cancer Cell Lines
SCF showed a dose-dependent growth inhibitory effect on TAKA-1 cells, a threshold effect occurring already at 1 ng/ml. Maximal growth inhibition occurred at 100 ng/ml (p Ͻ 0.001). SCF had a modest, although occasionally significant, inhibitory effect on the growth of four of six pancreatic cancer cell lines (Bx-PC-3, Capan-1, COLO 357, Mia-PaCa-2) at different doses (Fig. 7) . Maximal inhibition of 20% was observed in Capan-1 cells at dosages of 1 and 2 ng/ml (p ϭ 0.004). To examine whether the effects of SCF on cell growth were mediated through the c-kit receptor, TAKA-1 cells were incubated in the absence or presence of an anti-c-kit antibody that inhibits SCF binding to the receptor. This analysis demonstrated that blockade of the c-kit receptor abolished the growth inhibitory effects of SCF in TAKA-1 cells (Fig. 8) .
Effect of STI571 on the Growth of TAKA-1 Cells and Pancreatic Cancer Cell Lines
To further clarify the role of the SCF-c-kit system on pancreatic cancer cell growth, in the next set of experiments the c-kit tyrosine kinase inhibitor STI571 was used. STI571 inhibited the growth of TAKA-1 cells and of the three pancreatic cancer cell lines tested in this study in a dose-dependent fashion. Minimal threshold effects of Ϫ4% to Ϫ9% (p Ͼ 0.05) occurred at a concentration of 5 M STI571. Maximal inhibitory effects of Ϫ77% to Ϫ90% were observed in these cells at a concentration of 75 M STI571 (p Ͻ 0.001) (Fig. 9) .
Discussion
The present study examines the expression and function of SCF and its tyrosine-kinase receptor c-kit in normal and cancerous pancreatic tissues as well as in pancreatic cell lines.
In the human pancreas, SCF is not expressed by normal exocrine or endocrine cells and only at a very low level by cancer cells. On the other hand, we show that pancreatic mast cells express SCF, which has the potential to inhibit the growth of pancreatic ductal Effects of SCF on pancreatic cancer cell growth. Cells were incubated in serum-free medium in the absence (control) or presence of the indicated concentrations of SCF (1-100 ng/ml) for 72 hours. Cell growth was measured by the 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. Percent growth inhibition was determined by comparison with control cell growth. * p Ͻ 0.05; ** p Ͻ 0.01.
Figure 8.
Specificity of the effect of SCF on TAKA-1 cells. TAKA-1 cells were incubated in the absence or presence of SCF (100 ng/ml), anti-c-kit antibody (5 g/ml), or the combination of both reagents. MTT assay was performed after 72 hours. Percent growth inhibition was determined by comparison with control cell growth. * p Ͻ 0.05.
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cells. The expression of c-kit by ductal cells shows instead a sort of progression: rare in the normal pancreas, moderate in hyperplastic ducts, present in a high percentage (73%) of cancer specimens, and present in all the cancer cell lines tested in this study. In both normal and cancer specimens, immunohistochemistry performed on consecutive sections showed that the mononuclear inflammatory cells expressing SCF and c-kit are mostly tryptase/chymase doublepositive mast cells (MC TC ), also named connective tissue-type mast cells (Irani et al, 1986 ). Although it is well known that human mast cells express c-kit and SCF (Tsuura et al, 1994; Zhang et al, 1998) , this is the first report that characterizes the presence of mast cells in pancreatic cancer tissue in a significantly higher number than in the normal pancreas. Based on our findings, it is tempting to speculate that the recruitment of mast cells into the neoplastic tissue may be induced by the cancer cells expressing SCF. Indeed, there is now accumulating evidence that mast cells may regulate tumor growth and invasion by different means. For example, mast cells produce growth stimulating and proangiogenic factors that enhance the growth of lung and skin cancers (Coussens et al, 1999; Imada et al, 2000) . In pulmonary adenocarcinoma, the mast cell number correlates with the presence of lymph node metastases and advanced tumor stage (Takanami et al, 2000) . In breast cancer, the concentration of mast cells at the tumor edge suggested a possible role for mast cell-derived proteases in the degradation of the extracellular matrix and tumor invasion (Kankkunen et al, 1997) . However, a relation between mast cell number and stage of the disease was not found in this series of pancreatic carcinomas.
The analysis of the expression of c-kit and of its ligand SCF in human neoplasms yielded some conflicting results. Simultaneous expression of c-kit and SCF has been reported in colon, gastric, and lung cancer cell lines, in which a growth/migrationstimulating autocrine loop has been demonstrated (Bellone et al, 1997; DiPaola et al, 1997; Hassan et al, 1998) . On the other hand, in melanomas and in breast and thyroid carcinomas a loss of expression of these molecules, in comparison with normal melanocytes and mammary or thyroid epithelium, has been described (Moretti et al, 1999; Natali et al, 1992 Natali et al, , 1995 Welker et al, 2000) . The introduction of a c-kit expression vector in melanoma and breast cancer cell lines caused growth inhibition (Huang et al, 1996; Nishida et al, 1996) . Additionally, the exposure of the c-kittransfected melanoma cell line to SCF triggered apoptosis of these cells but not of the parental, c-kitnegative cell line (Huang et al, 1996) .
Although the mechanism of the SCF growth inhibitory effect on normal pancreatic ductal cells described in this study has not been elucidated, it is possible that the SCF-c-kit growth regulating pathway acts as a negative control element in non-neoplastic pancreatic ductal epithelium, whereas this function is lost in the transformed ducts. The presence of SCF-producing mast cells surrounding hyperplastic, c-kit-expressing pancreatic ducts favors the hypothesis of a growthregulating rather than oncogenic potential of SCF in human pancreatic tissue. Moreover, our finding of a clear, dose-dependent, and specific growth inhibitory effect of SCF on cultured TAKA-1 cells gives further support to this concept. TAKA-1 cells are obtained from normal pancreatic ductal cells of the hamster and bear chromosome 3 alterations that induce immortalization (Takahashi et al, 1995a) but do not involve genes related to pancreatic tumorigenesis (Takahashi et al, 1995b) . Therefore, even though they may not exactly reproduce the characteristics of normal human pancreatic ductal cells, they seem to be an appropriate non-neoplastic control in experiments performed on pancreatic cancer cell lines (Kleeff et al, 1999 ).
An explanation for the loss of SCF-induced growth inhibition in pancreatic cancer cell lines might be the presence of a smaller c-kit protein compared with that found in TAKA-1 cells (Fig. 5) . The 80-kDa c-kit proteins detected in pancreatic cancer cell lines could correspond to truncated, nonfunctional proteins, as has been previously described in gastric and colon cancer cell lines (Hassan et al, 1998; Toyota et al, 1994) .
The evaluation of the expression of protein-kinase receptors and their ligands in human cancers is of particular interest because selective protein-kinase inhibitors have been developed (Druker and Lydon, 2000) . One of these molecules, the tyrosine kinase inhibitor STI571, has been shown to inhibit BCR/ABL, TEL/ABL, v-Abl, ARG, platelet-derived growth factor ␤ receptor, and c-kit (Okuda et al, 2001) . Preclinical and clinical studies have shown the ability of STI571 to exert significant cytotoxic effects in chronic myeloid leukemia, which expresses the BCR/ABL tyrosine kinase (Mauro and Druker, 2001) , and in small-cell lung cancers and gastrointestinal stromal tumors, which express c-kit in a high percentage of cases (Joensuu et al, 2001; Krystal et al, 2000) . In this study, the administration of STI571 to three pancreatic cancer cell lines resulted in a significant growth inhibition, although only at relatively high concentrations. While the exact mechanisms of this effect are not known, there are two alternative explanations. First, STI571 might act through a c-kit-independent signaling cascade by blocking the phosphorylation of other tyrosine kinase receptors (eg, platelet-derived growth factor ␤ receptor), which have the capacity to transmit mitogenic signals in pancreatic cancer (Ebert et al, 1995) . Alternatively, blockage of c-kit receptor phosphorylation might directly inhibit pancreatic cancer cell growth through currently unknown mechanisms, which are independent of a functional SCF-c-kit signaling pathway. Irrespective of the exact mechanisms of the function of STI571 in pancreatic cancer, the observed growth inhibitory effects of this tyrosine kinase inhibitor-although at concentrations severalfold higher than currently achieved in clinical settings-suggest that this compound warrants further research regarding its potential use in the treatment of pancreatic cancer in the future.
In summary, we show a significant increase of tryptase-producing mast cells in human pancreatic cancers and coexpression of SCF and c-kit in a limited percentage of cases. Pancreatic cancer cells might have the capacity to recruit mast cells to the tumor mass via SCF production; thereafter, mast cells might potentiate tumor invasion and angiogenesis through their effects on the extracellular matrix. In addition, mast cells-through the production of SCF-could directly participate in the regulation of the growth of pancreatic ductal cells, which become resistant to the inhibitory effects of SCF after malignant transformation. In conclusion, the interaction between mast cells and the SCF-c-kit system might play an important role in the pathophysiology of pancreatic cancer.
Materials and Methods
The following materials were purchased: FCS, RPMI and DMEM, trypsin-EDTA solution, and penicillinstreptomycin solution from Biochrom KG (Berlin, Germany); human recombinant SCF from R&D Systems (Abingdon, United Kingdom) and from Amgen GmbH (Munich, Germany); anti-SCF antibody from Santa Cruz Biotechnology (Santa Cruz, California); anti-c-kit polyclonal antibodies from Santa Cruz Biotechnology and from NeoMarkers (Fremont, California); antitryptase and anti-chymase monoclonal antibodies from Chemicon International (Temecula, California); biotinylated secondary antibodies and streptavidin/ peroxidase complex from Kierkegaard and Perry Laboratories (Gaithersburg, Maryland); FITC-conjugated anti-rabbit antibody from Zymed (San Francisco, California); OCT compound from Miles Inc. (Elkhart, Indiana); horseradish peroxidase-conjugated secondary antibodies and ECL Western blotting detection reagents from Amersham Life Science (Amersham, United Kingdom); and Protease Inhibitor Cocktail Tablets from Roche (Basel, Switzerland). All other reagents were from Sigma Chemical Company (St. Louis, Missouri). ASPC-1, Bx-PC-3, Capan-1, MIA PaCA-2, and human pancreatic cell lines were obtained from American Type Culture Collection (Rockville, Maryland). STI571 was kindly provided by Novartis Pharma AG (Basel, Switzerland). COLO 357 and T3M4 human pancreatic cell lines were a gift from Dr. R. S. Metzgar (Durham, North Carolina). TAKA-1 immortalized Syrian golden hamster pancreatic ductal cells were a gift from Prof. P. Pour (University of Nebraska, Omaha, Nebraska).
Tissue Samples
Normal human pancreatic tissue samples (n ϭ 17; 11 men, 6 women; median age, 46 years; range, 18 -77 years) and pancreatic cancer tissues (n ϭ 26; 10 men, 16 women; median age, 69 years; range, 35-83 years) were obtained through an organ donor program and from patients undergoing surgery for primary pancreatic cancer. In 22 patients (84%) a pancreaticoduodenectomy was performed; 3 patients (12%) underwent a pancreatic left resection, and in 1 patient (4%) a subtotal pancreatectomy was performed.
Tissue samples for histologic and immunohistochemical analysis were collected freshly in the operating room, fixed immediately in 10% formalin for 12 to 24 hours and embedded in paraffin or embedded in OCT, and snap-frozen in liquid nitrogen. In addition, tissue samples were frozen in liquid nitrogen immediately upon surgical removal and kept at Ϫ80°C until use for protein extraction. Histologic examination revealed that the normal pancreatic specimens, which were obtained through an organ donor program, were all non-neoplastic, noninflammatory pancreatic tissues that contained occasionally hyperplastic, but typical, ductal structures. Staging and grading of the cancer specimens was assessed according to the TNM classification of the International Union Against Cancer. All the tumor samples were ductal adenocarcinomas; 7 (27%) were well differentiated (G1), 14 (54%) were moderately differentiated (G2), and 5 (19%) were poorly differentiated (G3). Four tumors (15%) were in Stage I, 5 (19%) were in Stage II, 15 (58%) were in Stage III, and 2 (8%) were in Stage IV. All studies were approved by the Human Subjects Committee of the University of Bern, Switzerland.
Immunohistochemistry
Consecutive paraffin-embedded tissue sections (12 normal pancreas and 15 pancreatic cancer samples; 2-to 4-m thick) were subjected to immunostaining using the streptavidin-peroxidase technique. After deparaffinization and hydration, the slides were washed in Tris-buffered saline (TBS) (10 mM Tris HCl, 0.85% NaCl, pH 7.4) containing 0.1% (w/v) BSA. Endogenous peroxidase activity was quenched by incubating the slides in methanol and methanol/0.6% hydrogen peroxide, followed by washings in methanol and in TBS-0.1% BSA.
The following primary antibodies directed against human proteins were used: goat anti-SCF (1:100 dilution), rabbit anti-c-kit (1:200 dilution), and, to detect the presence of mast cells, mouse anti-tryptase (1:1000 dilution) and anti-chymase (1:4000 dilution). For SCF immunostaining, the sections were pre-treated with pronase (1 mg/ml in TBS, pH 7.5) for 6 minutes at 37°C on a warming plate, for antigen retrieval. Cryostat sections obtained from OCTembedded tissues (5 normal pancreas and 11 pancreatic cancer samples) were fixed for 5 minutes at 4°C in Carnoy's solution and used for chymase detection, because formalin fixation destroys chymase immunoreactivity (Konttinen et al, 2000) . Consecutive sections of the same frozen samples were stained for tryptase, to compare the number of tryptase-positive and chymase-positive cells in the same tissue samples.
After incubation with primary antibodies, slides were washed in TBS buffer and then appropriate biotinylated secondary antibodies were added at room temperature for 45 minutes. After washing in TBS buffer and incubation with the streptavidin/peroxidase complex at room temperature for 30 minutes, the slides were incubated with diaminobenzidine tetrahydrochloride solution in Tris-HCl buffer (0.05 g/100 ml, pH 7.6) containing 0.03% hydrogen peroxide as the substrate and counterstained with Mayer's hematoxylin.
To ensure antibody specificity, consecutive sections were incubated in the absence of primary antibody. In these cases no specific immunostaining was detected.
Evaluation of Immunohistochemical Findings
SCF and c-kit expression of the cancer samples was quantified by counting at least 1000 cells in each tumor sample. Immunohistochemical findings were scored positive when at least 5% of the neoplastic cells were immunoreactive (Arber et al, 1998) .
A picture of each section was taken using a highresolution color video camera on a light microscope. The area of the whole section was determined using a computer-assisted image analysis system (ImagePro-Plus for Windows, version 4.0; Media Cybernetics, Silver Spring, Maryland). The number of tryptasepositive cells and, in the frozen sections, of tryptasepositive and chymase-positive cells was counted at a ϫ200 magnification and expressed as number of cells per square millimeter. The number of SCF-positive and c-kit-positive mast cells was expressed as a percentage of total mast cells present in the paraffinembedded tissue specimens, by comparing two consecutive sections stained with anti-tryptase and anti-SCF or anti-tryptase and anti-c-kit, respectively.
Western Blot Analysis
Proteins were extracted from approximately 200 mg of frozen normal and cancer tissues. Cells were lysed in a buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1% SDS. Protein concentrations were measured with the micro BCA protein assay (Pierce, Rockford, Illinois). Fifty micrograms of protein from each sample of normal pancreas or cancer tissues and 30 g of protein from cell lysates were separated on SDS-polyacrylamide gels and electroblotted onto nitrocellulose membranes. Membranes were then incubated in blocking solution (5% nonfat milk in 20 mM Tris HCl, 150 mM NaCl, 0.1% Tween-20) (TBS-T), followed by incubation with anti-SCF, anti-c-kit, anti-tryptase, or anti-chymase antibodies. The membranes were then washed in TBS-T and incubated with horseradish peroxidaseconjugated secondary antibodies for 1 hour at room temperature. Antibody detection was performed with an enhanced chemiluminescence reaction. To ensure equivalent loading and transfer, membranes were routinely stained with Amido Black.
Cytofluorimetric Detection of c-kit
TAKA-1, ASPC-1, MIA PaCA-2, and T3M4 cell lines were tested for the presence of surface and/or cytoplasmic c-kit. Cells (5 ϫ 10 5 ) were harvested, washed twice in PBS containing 0.1% BSA, and then incubated with rabbit anti-c-kit antibody (1:10) for 30 minutes at room temperature. After washing as above, cells were incubated with FITC-conjugated goat antirabbit antibody (1:20) for 30 minutes at 4C°, then washed again and analyzed with a FACSort flow cytometer (Becton Dickinson, Le Pont de Claix, France). To detect cytoplasmic c-kit, cells were permeabilized by washing in PBS containing 0.1% BSA and 0.2% Triton X before incubation with the primary antibody. Omission of the primary antibody was used as a negative control.
Cell Culture and Proliferation Assay
Human pancreatic cancer cell lines were routinely grown in DMEM (Bx-PC-3, COLO 357, and MIA PaCA-2) or RPMI (ASPC-1, Capan-1, T3M4) supplemented with 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin (complete medium). To choose an appropriate range of dose for the human recombinant SCF to be used for the proliferation assays, SCF from different sources (R&D and Amgen) were tested on a well-established cell culture model of isolated human intestinal mast cells (see below).
To perform growth assays, cells were seeded overnight at a density of 2000 cells/well in 96-well plates and subsequently incubated in serum-free medium (DMEM/RPMI containing 0.1% BSA, 5 g/ml apotransferrin, 5 ng/ml sodium selenite, and antibiotics) in the absence or presence of SCF at dosages of 1, 2, 10, 50, and 100 ng/ml. After 72 hours, 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was added (50 g/well) for 4 hours. Cellular MTT was solubilized with acidic isopropanol, and the optical density was measured at 570 nm using a plate reader (Dynatech MR 7000; Dynatech Labs, Chantilly, VA).
TAKA-1 cells were grown in RPMI supplemented with 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were seeded overnight at a density of 5000 cells/well in 96-well plates, and the proliferation assay was performed as described above. To assess the specificity of the cell response to SCF, a growth assay was performed in TAKA-1 cells in the presence of an anti-c-kit antibody that inhibits the binding of SCF to its receptor. Briefly, cells were seeded overnight in 96-well plates and subsequently incubated in the presence of SCF (100 ng/ml), the anti-c-kit antibody (5 g/ml), and the combination of both reagents, respectively. MTT was performed after 72 hours. To assess the effect of STI571 on cell growth, TAKA-1 cells and pancreatic cancer cell lines were incubated in the absence (control) or presence of the indicated concentrations of STI571. Cell growth was determined after 72 hours by the MTT colorimetric assay. All experiments were performed in triplicate.
Mast Cell Culture
Human mast cells were isolated from intestinal surgery specimens and purified to homogeneity as described in detail elsewhere (Bischoff et al, 1997 (Bischoff et al, , 1999 . The purification procedure of mast cells consists of a positive selection of c-kit-expressing cells using magnetic cell separation (MACS system; Miltenyi Biotec, Bergisch Gladbach, Germany) and the mAb YB5.B8 (PharMingen, Hamburg, Germany) directed against human c-kit and subsequent culture of the selected cells for 14 days in standard medium (RPMI 1640) supplemented with human recombinant SCF from different sources (Amgen and R&D). Without SCF all mast cells died within a few days. In the presence of SCF, mast cell purity reached 100% after 14 days of culture. Mast cell recovery was calculated by counting mast cell numbers at culture start (MC start ) and after culture (MC end ) using the formula 100 ϫ MC end /MC start .
Statistical Analysis
Results were expressed as mean Ϯ SD. For statistical analysis, the Student's t test was used. Significance was defined as p Ͻ 0.05.
